We analysed the global transcriptional response of S. cerevisiae cells exposed to different concentrations of CsCl in the growth medium and at different times from addition. Early responsive genes were mainly involved in cell wall structure and biosynthesis. About half of the induced genes were previously shown to respond to other alkali metal cations in a Hog1-dependent fashion.
Introduction
Cation homeostasis is accurately regulated in all organisms. For instance, alkali metal cations stimulate osmotic responses in essentially the same way as sugar or sugar alcohols at concentrations causing similar water activity (Hohmann 2002) . Additionally, monovalent cations can be toxic for the cell and can trigger cation-specific adaptation responses. These regulations involve modulation of the cell transcriptome. S. cerevisiae is the most advanced model organism for the study of the global transcriptional response to salt stress. Despite the large amount of data available on global transcriptional response of S. cerevisiae to osmotic changes and high Na + concentrations (Rep et cerevisiae is mainly controlled by the HOG/MAP kinase pathway which is well conserved in all eukaryotes. It is characterized by a sensor system located in the plasma membrane, an upstream control system (G-protein; phosphorelay) and a cascade of kinase activities (Hohmann 2002) . The HOG pathway is activated within few minutes by osmotic up-shift and activates several transcription factors which control the response to osmotic stress. Additionally, the protein kinase A, the Snf1 AMP-dependent kinase pathways and the calcineurin/Crz1 signalling pathway are We analyzed the transcriptional response of S. cerevisiae to caesium chloride in function of time and concentration. We were able to identify a component of this response which is largely dependent on the HOG pathway and common to sodium, caesium, lithium and potassium and a
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second one which is Hog1-independent and specific for caesium or shared by a subset of alkali metal cations. We and others previously showed that Yaf9, a component of the NuA4 and SWR chromatin modifying complexes (Kobor et al., 2004 , Krogan et al., 2004 , is involved in caesium resistance (Le Masson et al., 2003; Bianchi et al., 2004) . This role could be based on a specific targeting of the chromatin complexes to specific caesium-responsive genes (Bianchi et al., 2004) .
We provide here evidences that the HOG-dependent, HOG-independent and Yaf9-mediated responses to caesium are functionally interdependent.
Materials and Methods

Strain and Culture Conditions
S. cerevisiae strain BY4741 (Mat ; His3 1; leu 0; lys2 0; ura3 0) and the corresponding hog1 , srl1 , yaf9 , fit2 , cwp1 and cwp2 strains were from Euroscarf. The double deleted yaf9 /hog1 strains were obtained by crossing the BY4741 (hog1 ) strain with the FY1679 (yaf9 ) strain. After sporulation of the diploid progeny and asci dissection, the double deleted strains were selected by segregation analysis of G418 resistance and verification by PCR of the presence of the kanMX4 module in both the YAF9 and HOG1 loci. Growth curves were performed by culturing strains in YPD (1% yeast extract, 2% bactopeptone, 2% glucose) in Erlenmeyer flasks (28°C, 175 rpm) to the mid-log phase (OD 600 =0.3). Then cultures were divided into aliquots and concentrated salt solutions or identical volumes of sterile water were added and incubation was continued to the stationary phase. The CsCl titration experiments were performed growing the cells to the mid-log phase (OD 600 =0.4-0.5) in YPD medium at 28°C. Cells were divided in 7 samples and
CsCl was added to a final concentration of 30mM, 50mM, 100mM, 150mM 200mM and 250mM, respectively. After twenty minutes from CsCl addition, the cells were collected by centrifugation and frozen on dry ice before RNA extraction.
The time course experiments were performed in the same growth conditions. Cultures were divided in eight samples. Four were treated with 100mM of CsCl and four were untreated controls. CsCl treated samples and untreated control samples were collected after 5min, 10min, 20min and 40min from salt addition. The cells were harvested by centrifugation and frozen on dry ice before RNA extraction.
RNA Extraction, Analysis and Northern Blot
Cells were suspended in 1 ml of AE buffer (50 mM sodium acetate pH5, 10 mM EDTA) centrifuged and suspended in 0. fold enrichment, P<0.005) and "electron transport" (9,5%, 3.1 fold enrichment, P<0.008).
General response to alkali metal cations and specific response to caesium
Most (44/ 60) of the genes significantly induced by caesium were previously shown to be induced by at least another alkali metal cation ( were not consistently modulated. The activation of group 1 genes was roughly linear in function of salt concentration for all three cations tested at least up to 0.4 M (SM Fig.3A) , while the three genes of group 2 did not show any linearity (SM Fig.3B ). Northern blots of RNA extracted from hog1 strain ( Fig. 2) confirm that activation of HOR2 and SED1 by caesium and sodium is totally Hog1-dependent, while CWP1 and , SRL1 partially respond to both cations in the hog1 deleted strain.
Hog1 is phosphorylated at low concentrations of caesium
In order to verify the role of Hog1 in the response to caesium, we analysed the extent of its phosphorylation in the presence of increasing concentrations of CsCl by western blot analysis. Cell extracts were prepared at different CsCl concentrations and times from CsCl addition and were analyzed using an antibody specific for the phosphorylated form of Hog1 (Maeda et al.,1995) . As shown in Fig.3 A, CsCl concentrations as low as 200mM stimulate Hog1 phosphorylation within 5'.
Moreover the extent of phosphorylation increases at higher CsCl concentrations. Interestingly, caesium appears to be less effective than sodium in triggering Hog1 phosphorylation. Hog1 phosphorylation in response to low concentrations of sodium is very fast with a peak between 2 and CsCl also elicits a fast response of the HOG pathway: a phosphorylation peak is observed after 5 minutes from 200 mM CsCl addition.
A role for Yaf9 in the response to caesium
We previously showed that Yaf9, a component of NuA4 and SWR chromatin modifying complexes, is involved in caesium resistance (Bianchi et al. 2004) .
We therefore directly compared transcriptomes of wild type BY4741 and yaf9 deleted strains in YPD medium 20 minutes after the addition of 100 and 150 mM CsCl. The full set of data is reported in SM table3. Fig.4 shows that 28 genes (27% of the total) belonging to the lists of Table 1 and Table 2 A confirmatory Northern blot reported in Fig.5A , showed that SRL1 was poorly expressed and not induced by CsCl and NaCl in the yaf9 deleted strain, CWP2 was even slightly repressed in the presence of both cations, while, as a control, HOR2 still appears perfectly responsive to both caesium and sodium (see quantification in Fig.5 B) .
Seven genes listed in Table 1 (indicated with an asterisk) were previously found to be modulated by Yaf9 in a different genetic background at 1 hour after the addition of 300 mM CsCl (Bianchi et al., 2004) . We were unable to confirm these data but it is possible that the presence of Yaf9 could influence the responsiveness of an even larger set, up to one third of the total of caesium modulated genes.
Since our microarray data showed a slight transcriptional induction of the YAF9 gene at four different CsCl concentrations (SM Table 1 ), we confirmed its modulation by Northern Blot in presence of caesium, lithium and sodium (Fig.1) .
Effects of CsCl on cell wall structure
We showed that an important fraction of the genes which were found significantly modulated 20
minutes from the addition of caesium code for structural components of the cell wall or for proteins involved in cell wall structure and organization. If their transcriptional modulation really reflected a change in protein expression, we expect caesium addition to have an effect on the cell wall structure. We therefore tested the cytohelicase ( -glucanase) sensitivity, which can be considered diagnostic of cell wall restructuring, of cells grown for 1h on YPD with different CsCl concentrations. The lytic action of cytohelicase weakens the cell wall and, after suspension in ipotonic medium (water), provokes cell lysis and a decrease of OD 600 which is approximately a linear function of the digestion time (SM Fig.4 ). In the wild type, incubation with CsCl confers a resistance to cytohelicase increasing with salt concentration (Fig. 6) . Interestingly, the hog1 strain is more sensitive than the wild type to cytohelicase and does not show any increase in resistance after incubation in CsCl (Fig. 6) . We also tested cytohelicase with strains deleted in the cell wall genes (CWP1, CWP2, FIT2, SED1 and SRL1) modulated by caesium. Strikingly, we found a strong resistance induced by caesium for the strain carrying a deletion in SRL1 (Fig.6) , a gene regulated both by Hog1 and Yaf9, but no differences with all the other single gene deleted strains, as compared to the wild type strain (data not shown).
To further characterize cell wall restructuring in response to caesium, we tested the efficiency of the secretory pathway by measuring the production of an heterologous extracellular enzyme, the glucoamylase, in the medium. Strains transformed with a plasmid harbouring the A. adeninivorans GAM gene were used. SM Fig.5 shows that incubation in CsCl led to a consistent (about 1.8 fold)
reduction of the secreted activity in the wild type strain. While hog1 deletion lead to a limited reduction of glucoamylase secreted activity (about 1.4 fold), reduction was much more pronounced in the yaf9 deleted strain (about 3.2 fold).
HOG1 deletion rescues the sensitivity to caesium of the yaf9 deleted strain
Our results indicate that YAF9 and HOG1 control a significant fraction of caesium-responsive genes. We constructed strains carrying double deletions in the YAF9 and HOG1 genes by genetic crossing of single deleted genes, as reported in Materials and Methods, and we tested if HOG1 deletion had any effects on the sensitivity to caesium of the yaf9 deleted strain. Results, illustrated in Fig.7 , indicate that sensitivity to high NaCl concentration (0.8 M), and hence to high osmolarity, correlates with deletion of HOG1 also in double deleted strains. On the contrary, sensitivity to a concentration of CsCl as low as 30mM was only found with the single deleted strain of YAF9 gene and not in the double deleted strains. The YAF9 deletion did not generate an osmosensitive strain, as
shown by growth on 0.8M NaCl.. Table 2 were previously shown to require a functional HOG pathway to be induced by potassium or by sodium, a requirement which we confirmed by northern analysis for three of them, in the case of caesium. A second group of caesium-induced genes shows a less general response to alkali cations being not induced by potassium but responding to sodium and/or lithium or only to caesium. Most of them appear to be stimulated in a Hog1-independent fashion. This group is more likely to respond specifically to toxic cations effects rather than to the generic cation sensor systems. It is therefore very likely that for the genes of the first group, all alkali cations, even at relatively low concentration can induce transcription by activating at least one branch of the HOG/MAP kinase pathway. As a matter of fact, we observed a detectable Hog1 phosphorylation in response to 200 mM caesium concentration in within 2 minutes from salt addition, by western blot (Fig.3) .
However, the strength of the osmotic response through the HOG pathway might depend on the nature of the single cation. In fact the amount of Hog1 phosphorylation was lower with caesium than with sodium and slightly delayed.
Transcription regulation
A database search for transcription factors that bind to the promoters of the 104 genes modulated by caesium (http://web.wi.mit.edu/Fraenkel/home.html) identified different combinations of transcription activators (Tables 1 and 2 ). Some of these factors are direct target of the HOG pathway, whose activation seems to be required for at least one-half of the induced genes. As previously suggested, neither the ability to bind these transcription factors, nor the necessary Hog1 activation are sufficient to confer to those promoters a general responsivity to salt and some other mechanism of selection must be operative, possibly at the level of chromatin structure and 
Structural changes in the cell wall in response to caesium
Since the mRNA abundance of at least 14 genes coding for structural components of cell wall and of other genes involved in its biosynthesis and organization are significantly modulated at 20' from caesium addition, it was reasonable to expect a major change in the cell wall structure after exposure to this cation. Our data confirm a fast and dose-dependent change of cell wall (cytohelicase sensitivity) that seems to be controlled by Hog1. On the other hand, cell wall changes affecting the secretory pathway (GAM secretion) might rely more specifically on Yaf9. The individual absence of proteins transcriptionally regulated by Yaf9 does not have detectable effect on cell wall structure when cells are exposed to caesium, except for Srl1, that amplifies the effect of caesium on cell wall resistance to cytohelicase. HOG1-dependent changes in the cell wall organization were previously documented in response to low external pH (Kapteyn et al., 2001) and altered chitin deposition was previously observed in a yaf9 deleted strain (Bianchi et al., 2004) .
We conclude that an important aspect of yeast adaptation to caesium is represented by transcriptional modulation of cell wall genes, a process whose failure could explain the slower growth of the yaf9 deleted strain in the presence of caesium salt (SM Fig.1 ) and its sensitivity to The genes were deemed Yaf9-dependent if log2 ratio between yaf9 deleted strain and wild type was >1 or < -1 in the presence of at least one caesium concentration. The asterisk identifies genes previously shown to be yaf9-dependent in the presence of 300 mM CsCl (Bianchi et al., 2004) . The genes were deemed Yaf9-dependent if log2 ratio between yaf9 deleted and wild type was >1
or < -1 in the presence of at least one caesium concentration. The asterisk identifies genes previously shown to be Yaf9-dependent in the presence of 300 mM CsCl (Bianchi et al., 2004) . Wild type, hog1 , yaf9 and hog1 /yaf9 double deleted strains ( 2A and 4C are two independent segregant strains) were cultured on YPD and then inoculated on YPD plates containing caesium and sodium chlorides at the indicated concentrations. YPD; Pink diamonds: 50 mM; green triangles: 100 mM; brown balls: 300 mM. 
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